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A PKEN0Ml1310~ICAL~0~ FORTHETRANSIENT

OFMZ’IMSAT ELEVATEDTEMPERATURES

By ElbridgeZ. Stowell

ThephenomenologicaltheorypreviouslyproposedinNACATechnical
Note4CKK)forthebehaviorofmetalsat elevatedtemperatureshasbeen
modifiedtoyieldtransientcreepcurvesby assumingthatthemetalcon.
sistsoftwophases,eachwithitsownelasticityandviscosity.The
extendedtheorysatisfiesthebasicrequirementsfora theoryoftransi-
entcreepat elevatedtemperatures:thatthetransientcreepbe closely
connectedwiththesubsequentsteadycreep,andthattheapparentexpo-
nentofthetimeinthetransientregionbe permittedwidevariations
betweenO and1. Fromthistheoryit ispossibleto constructnondimen-
sionalcreepcurveswhichextendcontinuouslyfromthetransientregion

.-

intothesteady-stateregion.Thecorrespondingfamilyof creepcurves
foranymetalmaybe obtainedfromthenondimensionalfamilyby useof
appropriateconstants.Theconstantsrequiredarethoseobtainedfrom
steadycreepmeasurements,togetherwithtwoadditionalConstantswhich
representthedifferencebetweenthephases.Thetransientcreepcurves
resultingfromthistheoryarecomparedwiththeexperimentalcurves
forpurealuminum,gsmmairon,lead,and7075-T6aluminumalloy;good
agreementisfound.

INTRODUCTION

In studiesofthecreepofmetals,ithasbecomeapparentthatthe
creepbehaviorat elevatedtemperaturesisdifferentfromthatat low
temperatures.Forrelativelypuremetalsthelineofdemarcationoccurs
at a temperatureaboutone-halfthatat themeltingpoint.In thehigh
temperatureregionithasbeenshownthatmanyaspectsoftheelevated-
temperaturebehaviorof scxnepolycrystallinemetalsmaybe predictedif
certaindataareavailableconcerningtheirsteadycreep.(Seeref.1.)

Thetransientorprimarycreepwhichtakesplacebeforetheonset
ofthe’steai$~creepisnot,however,one.oftheaspectsofmetalbehavior
whichispredictablefromthetheoryofreference1. Thistransientcom-
ponentofthecreepcouldbe veryimportantin someapplications.An
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understandingofthenatureoftransientcreepwo~d be hi-y desirable
0

notonlyfromtheacademicpointofviewbutalsobecauseofthepossi-
—

bilityofpredictingthemagnitudeofthetransientcreep. ,. i-...

Theexistingtheoriesoftransientcreepareinadequateto account
fortheactualbehaviorofpolycrystallinemetalsatelevatedtempera-
tures.Theso-called“exhaustiontheory”ofMottandNabarro(ref.2)

.J

isa mechsmfstictheoryinvolvingthemotionofdislocationsandapplies
onlyto lowstressandtemperatures.Thetheorysuggestedby Orowan
(ref.3) isa semimechanistictheorywhichinvolvestheuseofthermal
fluctuationsto facilitatecreepbutalsorequiresthatthecreepstrain
be proportionaltothecuberootofthetime.A morerecenttheoryof

.—

Mott(ref.4),whichalsoinvolvesthemovementofdislocationsbutis
intendedto apply.tohighertemperat~es,l~kewiserequirest~t the
transientcreepstrainbe proportionalto tm~ecuberootofthetime.

..—

Althoughsomeexperimentaldatado indicate_anapparentcuberootrela-
.——— =

tion,thisresultu%u~”ly~strueforonlya’psrtofthe”timerange.-
..,..—.---—-

Actually,whenthelogarithmofthecreepRTrainiSplottedagainstthe
logsrithmofthetime,theapparentekponeqtjofthetimemayvaryany-

.-

wherefroma valueintheneighborhoodoforie-sixthtounity.

Onefeaturewhichseemstobe characteristicofalltheexisting
theoriesisthatthemechanismwhichissupposedtogiverisetothe
transientcreepisdistinctlydifferentfromthatwhichgivesriseto-”
thesubsequentsteadycreep.Ontheotherhand,theexperimentalwork
ofDornandhisassociates(ref.~) indicatesa strongi~terconnection
betweenthetransientandthesteadycreep-atelevatedtemperatures.
Whenthecreepstrainisplottedagainstanappropriateparameter,a
singlecurveisobtainedregardlessofwhet~erthecreepis inthetran-
sientorthesteadyregion.Ifthemechani..mfortransientcreepwere
differentfromthatforsteadycreep,onewouldexpecttwodifferent
temperaturedependenciesandconsequentlytwocurvesinsteadofone
wouldbe required.Thus,anyproposedtheoryoftransientcreepwhich
is intendedtoapplyat el$vatedtemperaturesmustsatisfyat leasttwo
elementaryrequirements:Itmustshowa closeconnectionwiththesteady
creepwhichfollows,anditmustPe~it theaPParentemonentofthe
timeinthetransientregionttovaryovera widerangebetweenO and1.

—

—

Inthetreatmentoftheelevated-temperaturebehaviorofmetalsin
reference1,thephysicalpropertiesnecessaryto describethebehavior
at constanttemperaturewereelasticityandviscosity.Themetalwas
thusconceivedto consistofa singlephase_specifiedby theelasticity

.—

andviscosityconstants.Suppose,however,thatthemetalcouldbe more
accuratelydescribedas consistingoftwophases,eachwithitsownset
ofelasticityandviscosityconstants.Then,withsucha metal,itis
conceivablethat,afterapplicationofa“stress,thetwopJ=eswould d
cometo actionat differentratesandwouldthusresultinan overall

.- =

creepratewhichwouldverywiththetime;or,themetalwouldexhibit
transientcreep. .-
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ThispaperiSanattempttoaccountfortheexperimentalphenomena
oftransientcreepat elevatedtemperaturesby consideringthemetalto
consistoftwophases,eachofwhichsatisfiesthephenomenologicalrela-
tionofreference1 separately.Onthisbasistransientcreepsrises
simplybecausethetwophaseshavedifferentconstants.“Theadvantages
ofthephenomenologicalapproachareretainedby thistheoryandno new
mechanismisneededorpostulatedto accountforthetransientcreep.

Afterthepresentationofthetheoryfortransient
psrisonismadebetweentheresultsfromthetheoryand
dataobtainedfromfourmetalsatabsolutetemperatures
halfthemeltingpoint.

creep,a com-
experimental
aboveaboutone-

SYMBOLS

creepstrain

creepstrainrate,perhour

stress,psi

appliedstres”s,

Constsnt,psi

elastictensile

temperature,OK

psi

modulus,ps~

‘@RT, perhoura temperaturefunctionoftheform 2sTe

constant,perhourper%

activationener~,calorie/mol

gasconstant,takenas 2 calorie/mol/OK

timeconstant,hr
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t time,hr

O=te -AH/RT~
)

Subscripts1 and2 applytophases1 and2,thus,
-iXH/RT

‘1 = 2slTe

THEORYFORTRANSIENTCREEP

Previousworkonthebehaviorat elevatedtemperaturesofmetals
(ref.1)hasshownthatmuchoftheirbehavioriSpredictableifthe.
metalisconsideredtobe an elastic-viscoussubstancesatisfying(at
constanttemperature)a relationofthetype

Strainrate. ~L(Stress)+ M sinh
E dt (:~::t)

where M isa knownfunctionofthetemperatureand E istheelastic
modulus.Theconstantsaredeterminedfrommeasurementsofthesteady
creepratesat constantstressandtemperat~e.Theuse.ofthisrela-_ a
tionimpliesthattheelastic-viscousmaterialisuniformandallof

.—

onephase.Underconditionsof constantstress,thissimplerelation
—

canyieldonlya constantcreeprate.
.

● —

Suppose,however,thattwophaseswerepresent in the metal, each

withitsownsetofelasticityandviscosityconstants.Onephase,for.
example,mightpossessconsiderablymoreelasticstiffnessthanthe

--—

other(differentvaluesof E),ortheymighthavewidelydifferent
viscousproperties(differentvaluesof M)t.._orboth. In sucha case,
underconditionsof constantstress,theinteractionbetweenthephases
wouldresultina vsriablecreeprate.

—

Assumea polycrystallinemetalto consistoftwosuchphases
(designatedby subscripts1 and2). Thephenomenologicalrelationpro-
posedinreference1 formetalsatelevatedtemperat~esishereass~:d - =
to holdforeachphaseseparately(withtemperatureconstant): —

where al and a2 arethestressesbornehy theindividualphases.

(1)
.

.
—
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Indirectexperimentalevidence,tobe discussedlater,indicates
stronglythatthetwoassumedphasessrepresentinthemetalineqml
ornearlyequalamounts.If thisisso,thefollowingrelationmust
holdforequilibrium:

Cr+c1 2=5
2

(2)

where 6 istheappliedstress.Also,sincethemetalmustretainits
continuity,itfollowsthat

Therelationbetweenthemodulisatisfying

(3)

equations(2)and(3)is

E.=
2

Detailsofthesolutionto thisproblemsrepresentedinthe
\ appendix.Thereit isshownthatthecreepstraindevelopedata time

t aftertheapplicationofa constantstress6 is

T

It isevidentby inspectionthattheleft-handterminthenumeratorof
theexpressionfor G willvanishifthephaseshavethesameconstants;
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Ml El
thatis,if —=—=1. It isshownintheappendixthatunderthis

% E2
conditiontheonlycreeppossibleisa steadycreepproportionalto the
time.

Themagnitudeofthecreepaaa functionofthetimetherefore
El “dependsonthevaluesofthetwoparameters~ and —.

% E2
Thesevalues

buttwolimitingcasesmaybe considered:

transientcreepwillbe a msxtiumwhenthetwoparameters

areasdifferentfromunityaspossible.Supposeasthe

Ml
limitingcasethat — = CO.Thenequation‘(4)becomes

E2

.-

(Ml -)[,+ cosh~ 2 tanh-% ( /]-2 tanh-lre-tT
+ 6inh~ log

sinh(2t-d-%)—
50 % .- ao ao Sidl2 tanh-1(re-t/T)]

(5a)
“z % % 2;

+—+pcos~q~ Ml

(b)Thetransientcreepwillbea minimumwhenthetwoparameters
Ml El

5
and ~ sreas closetounityaspossible.Supposeas thelimiting

Elcasethat — . 1.
%

Theneqmtion(4)becomes

( )[Ml J& Z,tmh-lr -1 ( /]-t T
-2tanh re & ~w s42 tanh-%)

~-M1 +2S%0
o~

E.—
sinh[2“tsnh-l(re_’/T)]

(m)E
% % ~
~+q + 2 Cosh =0

where E = El =E2.

Inbothcasesthecreepstrainmaybe plottedasa functionofthe
Ml

the fordifferentvaluesoftheparameter~. Onemethodofpresenting
c

thedataistoplotthecreepstrainasa fugctionof f3= te
-LSH/RT

,a
parameterwhichhashadextensiveexperiments>verificationforpure

. .

8

—
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* metals.It isshownintheappendixthatinthenotationofthis
paper

(6)

Fromequations(Sa),(w), and (6) nondtiensionalplotshavebeen

(

El

)
constructedwhichshowthemaximumfig.l(a)for — . w andthefii.

E2

(

El
mum fig.l(b)for

)
— = 1 possibletheoreticaltransientcreepstrain
E2

forvaluesof @ equalto 1,5, 10,15,20,and25.
‘O

Thesefamiliesof curvessreuniversalinthesensethatthethee.
reticaltransientcreepcharacteristicsofanymaterialcanbe obtained
fromthemby usingtheconstantsappropriateto thatmaterialto&ans-
formthecoordinatesto e,e ineachcase. Thisprocedurewasfollowed
inthecomparisonoftheoryandexperimentdiscussedinthenextsection.

COMPARISONOFTHEORYANDEXPERIMENT

Experimentaldatasufficientlycomprehensiveforuseincomparison
withtheoreticalresultsareavailableforthecreepofthreenearly
puremetals:aluminum,gama iron,lead,andfor7075-T6aluminumalloy.
In eachcasethedatacoveredthetransientaswellas thesteadycreep
region.Datainthelatterregionme requiredinorderto determine
thenecessaryconstsnts.

Thenumericalvaluesoftheexperimentalconstantsfromsteadycreep
data(takenfromrefs.11 5J 61 71 8)ad 9)andtheconstantsasswned
forthecalculationssregivenintableI. (Thevalueof 2sT inthis
tableisconsideredtovarysoslowlywith T thatit istakenas con-
stantata valueof T inthemiddleofthetemperaturerange.)For
thealuminumalloy,reference1 givesonlyinformationon steadycreep,
inasmuchas thetransientcreepdatasreunpublished.

Becausethetheoreticalcurvesarecalculatedforratios25q equal

to 1, 5, 10,15,20,or25,thecorrespondingexperimentalcurveswere
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selectedwhereverpossiblewithvaluesof = closestto thesenumbers.U(-J
Ml

Theselectionoftheratios— and %
% q wasmadeby trialanderror,

sincethereisno directwayofdeterminingtheseratios.Also,since
thevalue of CYoisknownfromsteadycreepmeasurements,andsincea

valueof
2 (or 3

mustbe assumedforobtainingthe.theoretical

curves,a valueof E2 (or E) isimplied.Table11liststhevalues
of E2 impliedby thecalculations

(
E2 isthesameas E forthe

)aluminumalloy andcomparesthesevalueswi~hthecorrespondingvalues
—

of El;theresultingratiosof El to E2,musthe suchasto justi~ .

theuseof figure”l(a)or offigurel(b),as thecasemaybe. Forthe””
El —

puremetalstheratio~ wasconsiderablylargerthanunityandthus
2

theuseoffigurel(a)inobtainingthetheoreticalcurveswasJustified;
forthealuminumalloy,theratiowasoftheorderofunityandtheuse —— —

offigurel(b)wasjustified.

Figures2, 3, and4 showthecomparisonoftheexperimentalcurves
forthethreenearlypure”metalswiththecorrespondingtheoretical
curvesdeterminedfromfigurel(a),madeby ~singtheconstantslisted

#

intheright-handcolumnsoftable1. Inalzcasesthe~onstantsused
werethesameasthosemeasuredforthesteady-statecondition.The e
agreementwiththeexperimentalcurvesisgoodinallcasesandis
especiallysatisfactoryinthecaseofpure-aluminum.

— -.

Figure5 showsa similarcomparisonforthe7075-T6aluminumalloy.
Inthiscasethetheoreticalcurvesweretakenfromfigurel(b). This
comparisonisof specialinterestbecausetheelevated-temperature
behaviorof7075-T6aluminumalloyhasbeentreatedindetailina
previouspaper.(Seeref.1.) Theconstantsselectedgivea familyof
theoreticalcurveswhichmatchtheexperime~talcurveswellatthehigher
stresses;thematchisnotsogoodfortheveryloweststress

()
~=>
(YO “

Thesuddenupward.changeincurvatureatthe_right-handendof someof
theexperimentalcurves,representingtheonsetoftertiarycreep,can-

—

not,of’course,be givenby a theorywhichhasno concernwithtertiary
..- —

creep.
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Examination
stresspsrameter

DISCUSSION

of equations(a)or 5(b)showsthatthetheoretical
forthetransientconditionis ~ Thecorresponding

A
2

parameterforthesteadystateisknowntobe &. (Seeref.1.] Thus

thereisan a~arentincreaseinthedenominatorof thestressparameter
by a factorof2 inpassingfromthetransienttothesteadystate.This
factorof2“isa directconsequenceof theoriginalassumptionimplicit
inequation(2)thatthetwophaseswe presentinequalamounts.

An interestingexperimentalconfirmationofthischangeinthe
denominatorisfetidinreference5. In table11 of thatreferencethe
numericalvalue ofthedenominator(listedas l/B)isgivenas 191pounds
persquareinchforpurealuminumundertransientconditions.A study
offigure3 ofthatreferencediscloses,however,thatthevalueof

z = ke”/RT forthesteadystateisgivenby (O.5 x 1011)(sinh~)hr-l.

Thisrelationindicatesa valueof382poundspersquareinchforthe
denominatorafterthecreepratehasbecomeconstant.Thedoublingofs thedenominatoristhusa“factandgivespowerfulsupportto theassump-
tionofphasespresentinequalamounts.

.
Transientcreepinthistheoryresultsfromthetwophasescoming

intoactionat differentratesafteran externalstressisappliedto
themetal.Themechanismisthesameas thatwhichultimatelygives
riseto thesteady creepembodiedinthephenomenologicalrelationof
reference1. Thetheorythussatisfiestherequirementmentionedin
the“Introduction”thattherebe an intimateconnectionbetweenthe 1
transientandthesteadycreepintheelevated-temperatureregion.That
italsosatisfiestheotherrequirement- a widerangeofvaluesfor
theapparentexponentofthetime- maybe seenby a casualinspection
offiguresl(a)andl(b). It isworthyofnotethattheseapparent
exponentsdoactuallygivetheillusionofbeingconstantoveran apprec-
iablerangeoftimeinmanycases.

McLean,inhisstudyof thecreepofpurealuminum,wasableto
isolatethedifferenteffectswhichmadeup thetotalcreepandpresented
curveswhichshowedtheindividualcontributionsofthegrainboundary
shearing,slip,andgrainrotation.Figure6(a),tskenfromreference10,
isa typicalsetof curvesof thiskindandshowsthatthegrainboundary
shearingcomesto a stopaftera time,whiletheothercomponentsbehave
in a viscousmannerandcontinueto contributeto thecreep.Inthe
presentpaper,thecreepstraingivenby equation(x) ismadeup of
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twoterms;figure6(b)showstheifidividualcontributionsfromeach
n

term. Notethesimilaritytofigure6(a). Theformalcorrespondence
betweenthetwofiguresdoesnotnecessarilyimplythatthelowertheo-
reticalcurveis concernedexclusivelywithgrainboundaries,butitis

.

regsrdedas significantthatthetheoryfora two-phasematerialyields
curvessimilsrto thoseobservedina polyckystallinemetal.

A questionof interestsuggestedby thistheoryconc~nsthedistri-
butionof.stressbetweenthephases.Figure7 showsthe”distributionof
stressbetweenthephases,calculatedfromequation(A15)oftheappendix

fortwovaluesof thestressratio ~. Thesecurvesshowthatinitially
60 -.

mostofthestressisborneby themetalofphase1 andthat,astime
passes,moreandmoreofthestressistakenupby themetalofphase2,
untilaftera considerabletime(t>> T)theloadscarriedby thetwo
phasesme roughlycomparableandconstant.(Theloadsareexactlyequal

25 themoreevenlytheloadisif Ml = M2,) Thehighertheratio~’
dividedbetweenthephaseswhenthecreepbecomessteady.

——

El
% forthepuremetalsThedifferenceinthevaluesof — and

%?%
forthealuminumalloyisnoteworthy.Thepuremetalsrequirethat -a

bemuchgreaterthanunitywhereasthealloycallsfora valueof
.

‘~ forthealloyEl ~—=.
E2 At thesametime,thevalueof

%
islarger

thanthatforthepuremetals.

Thenondimensionalcurvefamilieshavebeenconstructedforonly
v. —.

two

for

‘L thatis,‘alues‘f m’ m and1. It isbelievedthatthecurves

any

greatly

between
mediate
yielded

‘ El
valueof

q
greaterthanperhaps10wouldnotdiffertoo

El El
fromthosefor — = m.E2

If itsho_~dprovethatvaluesof —
E2

1 and10 areencountered,itmightbe wellto constnctan inter-
set. Theltiitedexperiencewiththetheoryto datehasnot
suchvalues.

.-
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CONCLUDINGREMARKS

A methodhasbeenpresentedby whichtransientcreepcurvesforany
materialat elevatedtemperaturesmaybe derivedfroma setofuniversal,
nondimensionaltransientcreepcurves.Theconstantswhichme required
fortheconversionarethoseobtainedfrommeasurementson steadycreep

Ml El
aloneandtwootherparameters— and —

%%
where M denotesa tempera-

turefunctionand E, theelasticmodulusforeachphase.

Thecomparisonbetweenthetheoreticalcurvesobtainedinthisway
withexperimentaldataonpme aluminum,gammairon,lead,and7~-T6
aluminumalloyshowsthatthetheoryisadequatetoaccountforthe
shapeandposition”oftheexperimentalcurves.Foreachmetal,the
assunrptionofa singlesetof constantsyie~s theentirefamilyof
transientcreepcurvesproperlyspacedinregardto stressandtempera-
tureandhavingsubstantiallytherequiredslope. i

LangleyAeronauticalLaboratory,
NationalAdvisoryConmitteeforAeronautics,

LangleyField,Vs.,Ju~ 18,1958.

.
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APPENDIX

DEVELOPMENTOFFORMULASFORTRANSIENTCREEP

DifferentialEquationsof System

Letthepolycrystallinemetalconsistoftwophases’designatedby
subscripts1 and2. Thedifferentialequationsforthesystemaretaken
tobe,at constanttemperature,tworelationsidenticalinformwiththe
relationproposedinreference1:

~ da2 a2i2=—— —
E2 dt

+ M2 si~ aO

Forcompatibilitybetweenthephases,therelations

61= e~

mustholdandforequilibrium

(Al)

(A2)

(A3)

(Ah)

(A5)

where 5 istheconstantappliedstress.

Oneofthestresses,forexsmple,02,maybe eliminatedby means
ofequation(A5);a differentialequationfor al

—
results:

dal+
Ml + M2 cosh~

a. al ~ Sinh26Fo al
sinh— - Cosh— = o (A6)

F 11 a. _+l1 ao
—+%
El ‘1 q

.

.

.

.
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Solutionfor

Equation(A6)hasa solution

Stresses

where

(A8)

andinwhich

(A9)

istheinitialcondition.

Similarly,by interchangingsubscripts,thecorrespondingsolution
for u2 is

inwhich

(All)

istheinitialcondition.Denote
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Ml sinh~

S’2= tanh-l
~ + Ml coeh~

[(El 2;
rl = tanhl——-

)]
al

2 El+ ,E2‘O

[(E2 25
r2 =tanh~— —-

2E~+E2cJo
]

%?

Inthisnotationthesolutionsforthestressesare:

or

u~_.al+2tanh
(70

‘l(rle~t/T)

1
02 -1(, )J-t/T—=a2+ 2 tanh r2e
a.

(A12)

(A13)

(A15)

u

.

(A14)

.

.
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It canbe readilyshowpthat

Fromequations(A13)thisrelationmakes

‘1=-r2=r

Thesecondof equations(A15)maythereforebe written

\ ‘1 130 U.

StrainRate

(A16)

(A17)

a2_ 26
[

)1-t/T-l(re.25-L—-al+2tanh
Co CT.

inaccordancewithcondition(A5).

Solutionfor

Sincethestressesarenowknown,theappropriatefunctionsmay
nowbe insertedintoequation(Al)or (A2)to obtainthestrainrate.
Ifthefirstof equations(A15)isusedforthevalueof c,,itfol-

L-

10WSthat

-L -c

smdthat

al
sinh— =

a.

Substitution
strainrate

( 12re-t/T -2t/T
Ml + ~ cosh~ ‘l+Se

a. +~sinhz
#e-2t/T a.

1- ~- r2e-2t/T

dM12+%2+~~~

ofthesequantitiesintoequation

a.

(Al)givesforthe



16

Notethat,ifthephaseshaveidenticalproperties(El= E2=E;
M1=M2= M) sothattheybecomeequivalentto a singlephase,then

r = tanh

andunderthis

.( sinh~
15-—.
2 Cro

tanh-l

)]
1 + cosh~

condition

whichisa_constantandofthecorrectformknownforsteadycreep.
Transientcreepwillthereforeappearonlyasa resultof difference
betweenthephases.

.-

Notealso,thatevenif r hasvaluesdifferent
an infinitetime

“’)t=”m

fromzero,after

(A20)

whichislikewisea constant;thisrelationshowsthattheendresult
Ml

isalwayssteadycreep.Forstresseslargeenoughsothattheratios—

%
%

and —
Ml

maybe neglectedinthedenominator,whichisthemostusual

case,then

.

.
.-

—

.

.

.

.

.
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().~ti.cn

Thegeometricmean
n‘1

isthusidentifiableas

mMl = 2sTe-m/RT

17

(A21)

fromtheknoiraexpressionforsteadycreep.(Seeref.1.) Notethat

forthetransientstatethestressparameteris & whereasforthea.
F

steadystatethepsrsmeteris ~.a.

SolutionforCreepStrain

Integrationofeqmtion(~8) yieldsthecreepstrain

[(141z+-Ml% COSI12
!30 )[~2+M1~cosh:

%?- E=
2 tsnh-lr ( /)1

1

-2tanh-lre-~T .i-

1( )~+~M a log1%s~~ sinh(2tanh-%)
% % [Sinh2 tanh‘l(re_t/T)Jel=G,I=T J (A22)

inwhich (’l)t=o= O istheinitialcondition.Thevaluesof T

maybe insertedfromequation(A8)andthefollowingeqmtionresults:

( /]tsnh-% - 2 tanh-lre-tT +

1

[( )1 1 sm2E@ sinh(2tanh-%)
—+—
% % u~

E . a.
sinh~ tanh-l(re_t/T)] I

Ml ~
–+2cosh~

~+Ml

(A23)
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Twocasesmaybe considered:

El(a)Assume~ = ~. Underthiscondition

.. .

NACATN4396

.

200
E=—

E

In

by
.j.n

c

( )[%%~mh-~ ( /]-t T—-— - tanh-lre
%, % ‘W%’”’* ,M,b,

equations(A24),

tanh-l t

.

.,

L

()11——+m-M1
T

‘e

%—+— +2

FormforComparison

Thecreepstraine isusuallynot

WithData

L
plottedagainst# as suggested

--L@, ~fich . _
equations(A24)butinsteadagainsttheflarametere = te
thenotationofthispaperis -

.
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, ,15+5+ 2 cosh~
\%? Ml

Fromequation(A21), m maybe replaced
thesteadycreepconstants.Thefinalresult

9 = ~e-AJI/RT= J&

a.

by itsvalueintermsof
fortheparameter6 is

l\

(A25)

Universalnondimensionaltransientcreepcurvescanevidentlybe con-
structedby usingas coordinatestheparameters:

El
Forthecase — = UJ,

E2

El
Forthecase — = 1,

E2

E E

or

whichprovidebetterseparationofthecurvesintheregionof zero
transientcreep.
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Metal

KLuminum
(99.987$)

oamllairon
(0.447c)

Lead(coarse-
grained)

7075-T6
aluminum-
alloy Bheet

Steady creep constants from Constants assumed for
experimental data theoretical curve6

2sT,

~-l

0.5x lo~

2.5

7.8

1.5

do,

pi

382

835

96

4,500

M,
2sT, Go

‘o’ ~ MA ‘1
calorie Reference
mol ~-1 psi 2 ~ ~

35,~o 5 0.5xlol~ yk! 0.02 10 ~

78,000 6,7 2i5 835 .006 100 m

*25,WJ3 8 7.8 .% .@18 1 w

34,700 1 1.5 4,3(XI .0004 1,000 1

*This value of LUI (the mean of the two values determkd by Wiseman. Sherbv. and Dorn
in ref. 9 forsi@e andpolycryst,als)wasused, togetherwith a kmperatu;e 6f 256° K, for
computation of the parameter B from the data of reference8.
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TABLE II

CCMTATIBILITYOF IMPLIEO VALUES OF 3 WITH ASSUMED VALUES

lImpliedvalue of

I psi
1

Alumdnum
(99.9877)

@mma iron
(0.447c)

Lesd (coarse-
grained)

7075-T6
alumlnunl-
alloysheet

1.9x 104

1.4x 105

2.0~ 104

1.1x 107

Approximatemodulus,
El+ E2

E= p ,

psi

~07

3 x 107

5 x 106

107

E2

impliedvalue Implied value AsBumed value
El

‘f $
of ~

‘f ?

523 1,049 m

214 417 m

250 499 m

.9 .8 1

i_



Figure 1.- Universal nond3menei0nalcurves for transient creep.
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Figure 3.- Comparison of theory and for the tranaient creep of gamma iron.
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(8) Experimental observationsof the indi.
vidual componentsby McLean (ref. 10).

(b) Contributionof the individual.tenue
from equation (58) of this paper.
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Figure 6.- Contributionof individual componentsto the total transient creep.
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